This study measured the temperature of the root surface and post during the application of ultrasonic vibration to cemented posts to simulate post removal procedure. Root canal therapy was performed on ten extracted maxillary incisors. A stainless steel Parapost was cemented into each prepared post space. Ultrasonic vibration was applied to the post and temperatures were recorded at the coronal post and the cervical root surface. Data were analyzed with ANOVA using the independent variables of (a) time of ultrasonic application (15, 30, 45 and 60 s) and 2) location (post and root surface). Greater temperature increase was observed at the post (52.6°C, SD 11.1; 82.6°C, SD 20.1; 111.0°C, SD 29.1; 125.3°C, SD 33.2) compared to the root surface (9.5°C, SD 4.6; 17.5°C, SD 4.8; 25.4°C, SD 7.3; 32.2°C, SD 8.1) for each time period, P Ͻ 0.001. Ultrasonic application to the post for longer than 15 s generates high temperature on the root surface. any endodontically treated teeth have posts, which can be an obstacle if retreatment is needed (1, 2). Ultrasonic instrumentation is commonly used for post removal (3, 4) but it does have inherent risks, one of them being increased temperatures transmitted to the surrounding periodontium and alveolar bone.
M
any endodontically treated teeth have posts, which can be an obstacle if retreatment is needed (1, 2) . Ultrasonic instrumentation is commonly used for post removal (3, 4) but it does have inherent risks, one of them being increased temperatures transmitted to the surrounding periodontium and alveolar bone.
The effect of iatrogenic heat on bone and periodontal tissues is well-documented (5, 6) . The threshold for heat-induced bone necrosis is 10°C above normal body temperature of 37°C sustained for 1 min. Fatty necrosis of bone occurs and new bone will not regenerate under these conditions. Little information is available concerning the effect of heat on the periodontal ligament or cementum but Atrizadeh et al. (7) found osteoclastic activity, bone resorption, and ankylosis after applying an electrosurgery tip to the cementoenamel junction of squirrel monkeys for 1 s. In a later study Line et al. (8) inserted the tip of a soldering iron into a prepared root canal of a squirrel monkey for 2 s and ankylosis was later observed at five of the six root surfaces.
Ultrasonic instruments produce sound-like mechanical waves at a frequency of 25 kHz to 30 kHz. Ultrasonic energy is produced by the conversion of one form of energy to another. Magnetostrictive ultrasonic instruments work by applying an alternating current to the ferromagnetic wire coils in the handpiece causing it to vibrate. Piezoelectric instruments work by vibrating quartz plates in the handpiece. The ultrasonic vibration generates heat (10) . Sparse information exists in the literature regarding the amount of heat generated during ultrasonic instrumentation. Abrams et al. (9) measured temperature increases of up to 12°F in the pulpal walls of extracted premolars and incisors following 60 s of light ultrasonic scaling. Nicoll and Peters (11) demonstrated in vitro temperature increases from 4°C to 35°C on dentinal surfaces using ultrasonic scaling procedures.
An in vitro study by Johnson et al. (12) compared the amount of time and the tensile force needed to remove cemented posts with ultrasonic vibration and found 16 min to be an effective time. Six to 41.2 min of vibration was required for post removal using different ultrasonic instruments evaluated by Buoncristiani et al. (13) . Neither study described whether the ultrasonic vibration was continuous or intermittent or if coolant was used.
While ultrasonic instrumentation is a commonly used method for post removal in endodontics, the degree of temperature increase that may be transmitted to the surrounding tissues is not known. To date there is no information in the literature regarding the amount of heat generated with ultrasonics when used for endodontic procedures. This study was designed to answer the question regarding temperature changes occurring along the post and the root surface with the use of ultrasonic instrumentation for post removal.
Methods and Materials Root Canal Preparation and Obturation
Ten maxillary central and lateral incisors that were extracted for prosthetic or periodontal reasons were placed in 10% formalin for 1 wk. Teeth with root caries, restorations, abrasions, erosions, craze lines, fractures or marrings from the extraction were excluded. The teeth selected had roots at least 15 mm in length and measured at least 3 mm in diameter at a point 5 mm from the anatomic apex. They were sectioned 1 mm coronal to the buccal cemento-enamel junction. A size 10 endodontic file was inserted into the canal until it exited the apical foramen. The working length was established 1 mm short of this distance.
The canals were prepared with a crown down technique using nickel titanium rotary files to produce an apical preparation size of a #7 (0.465 mm) Profile instrument (Dentsply Corp., Tulsa, OK). Canal Lubricant (Roydent Inc.) and 2.6% sodium hypochlorite solution were used during canal preparation. A size 45 master cone was modified as needed to achieve "tug-back" and fit the apical preparation of the canal. Root canal sealer (Roth 801, Roth Corp., Chicago, IL) was placed on the master cone and inserted into the canal. Using lateral condensation (D11T, Premier Corp.) additional medium-fine accessory cones (Hygienic Corp.) were placed until the spreader tip could penetrate no more than 4 mm into the canal. The excess gutta-percha was then removed (Touch-N-Heat; Analytic Technology, Redmond, WA). The coronal surface of each root was then trimmed perpendicularly to produce specimen 13 mm in length. Cavit (ESPE, Germany) was used to seal each coronal orifice. The teeth were then stored in 100% humidity for 1 wk.
Post Space Preparation
A post space was prepared with a #5 Parapost drill (Coltene/ Whaledent) to a depth of 7 mm. A # 5 stainless steel Parapost was trial fitted into the prepared post space then trimmed so that 2 mm of post extended beyond the coronal root surface for ultrasonic application.
Post Cementation
The posts were cemented with zinc phosphate cement (SS White Co., Philadelphia, PA) and held under continuous pressure for 10 min. Excess cement was removed and the specimens were placed in 100% humidity for 30 days.
Testing Procedure
Type K chromel/alumel thermocouples (Omega Engineering, Inc., Stamford, CT) were attached with cyanoacrylate cement at the exposed post and to the root surface 2 mm apical to the cemento-enamel junction (11, 14 -17) . The opposite ends of the thermocouple wires were connected to a laptop computer. To keep the tooth moist during the experiment, a hole was punched in the center of a rubber dam thereby exposing the coronal post for ultrasonic application and leaving the tooth covered under the rubber dam. Next, each tooth was encased in a holding block and clamped to a vertical restraining rod. A piezoelectric ultrasonic handpiece (Spartan, Fenton, MO) with a CPR 1-C ultrasonic post removal tip (Dentsply; Tulsa Dental, Inc.) was secured to another vertical restraining rod with the ultrasonic tip positioned on the top of the post in an axial direction with a static 500 g force for 1 min at maximum amplitude. No water coolant was used. The temperature at each thermocouple was recorded on the computer at 15 s intervals. The data were analyzed using SPSS statistical software. ANOVA was used to analyze the temperature recorded with the independent variables: length of ultrasonic application (15, 30, 45, 60 s) and location (post, root surface). Table 1 shows the mean temperature changes at each location and time period. The temperature at the post rose 52.6°C, SD 11.1 at 15 s; 82.6°C, SD 20.1 at 30 s; 111.0°C, SD 29.1 at 45 s and 125.3°C, SD 33.2 at 60 s. The temperature at the cervical root surface rose 9.5°C, SD 4.6 at 15 s; 17.5°C, SD 4.8 at 30 s; 25.4°C, SD 7.3 at 45 s and 32.2°C, SD 8.1 at 60 s. There was a significantly greater temperature increase observed at the post surface than at the root surface (P Ͻ 0.001). There was a significant temperature increase at both the post and root surface as the length of time of ultrasonic vibration increased (P Ͻ 0.001). Figure 1 shows the graphic representation of mean temperature changes.
Results

Discussion
Ultrasonic instruments vibrate at a frequency of 25 to 30 kHz. The ceramic plates of the piezoelectric handpiece are designed to provide minimal noise and require little or no water coolant compared to the magnetostrictive ultrasonic instruments (10) . Nevertheless, the high frequency vibration does generate frictional heat (10). Abrams et al. (9) and Nicoll and Peters (11) showed in vitro temperature increases on dentinal surfaces during ultrasonic periodontal scaling procedures. Other dental procedures have demonstrated a temperature rise at the root surface associated with warm obturation techniques (14 -16, 18, 19) , crown preparation (17) and post space preparation (20) . But there is no information in the literature regarding the amount of heat generated using ultrasonic instruments for endodontic procedures.
Most ultrasonic studies in the dental literature applied the instrument manually or measured the applied force (9, 11-13, 21, 22) . All efforts were made to standardize the procedures and reduce experimental and operator variability in this study. Investigator variability was minimized by using a custom-made holding apparatus for the ultrasonic handpiece. The holding apparatus provided reproducible force and direction of the ultrasonic tip to each post for each test procedure. A preliminary study by the investigators determined 450 to 500 g as the manual force used to apply ultrasonic vibration to the post. It was also found when the ultrasonic handpiece was secured in the holding apparatus 500 g force provided the most control and stable position for the ultrasonic tip on the post during the vibration procedure.
Walmsley et al. (23) found a 200 g force for 2.5 min simulating silver point removal caused the tip to bend. It should be noted that the ultrasonic tip used in their study had a large curved shape with a thin, narrow point unlike the thick CPR 1-C tip used in our study. Further studies are needed to determine the proper amount of force needed for the safe and effective use of ultrasonic instrumentation.
Vibration energy dissipates from the ultrasonic tip to the post and is absorbed through the dentin. Higher temperatures were recorded at the post surface compared to the root surface. Heat transmission through the post and dentin still resulted in temperature increases approaching 10°C in as little as 15 s along the external root surface and continued to rise for the duration of ultrasonic application. This is the critical temperature at or above which irreversible bone injury can occur.
The temperature changes produced by the ultrasonic in this study may be enough to cause damage to the periodontal tissues, especially in the areas that are in close proximity to the ultrasonic application. Dentin is a poor thermal conductor and a small difference in dentin thickness may have a large effect in heat conduction. Teeth with thin roots and large posts could be more susceptible to the heat generation from ultrasonic application during post removal. This in vitro study was conducted under a set of reproducible conditions, investigating one post type, cemented at one depth into similar sized maxillary incisors using one type of cement. It is unknown if this temperature insult to the root surface and periodontal tissues has a deleterious effect, especially under different clinical conditions. In vivo temperature changes may also be different than those found in this study because thermoregulatory mechanisms such as capillary blood flow and tissue metabolism may help dissipate heat along the root surface.
Despite some recommendations that piezoelectric ultrasonic energy can be used without coolant, this study suggests that brief application of ultrasonic energy can generate considerable heat at the post and root when used with coolant. Further research in this area should be pursued. 
